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ABSTRACT by 3%

A series of tests was performed to measure the combined
effects of nuclear radiation and cryotemperatures on a group of
nonmetallic spacecraft materials. This group consisted of materials
classified as adhesives, seals; thermal insulations, electrical in-
~sulations, structural laminates, and thermal-control coatings. Typ-
ical tests performed on specimens prepared from the materials inclu-
ded lap-shear strength, ultimate tensile strength, ultimate elonga-
tion, stress-strain characteristics, and compressive strength.
Special test equipment to submerge the specimens in liquid nitrogen
or liquid hydrogen during irradiation and to subsequently perform
the above tests was designed and built at General Dynamics/Fort Worth.

Measured properties of the materials as a function of inte-
grated neutron flux and gamma dose are reported and recommendations

for use of the various materials in nuclear-powered spacecraft are

made.




REPORT SUMMARY

Previous work in the field of radiation effects has shown that
drastic changes are induced in various engineering properties of non-
metallic materials by incident nuclear radiation. The successlul
development of a nuclear-powered spacecraft will therefore depend,
to a large extent; upon the determination of a series of radiation-
resistance dose levels for component materials in the vehicle., These
levels will have to be established for both fast-neutron and gamma
radiation and will vary with different kinds of materials, location
of the material with respect to the radiation source, and also with
different associated environments, such as high vacuum and cryo-
temperature, or the combination of these two.

The purpose of this particular experimental program (conducted
under Modification I to NASA Contract NAS8-2450) was to measure
the effects of the combined environment of nuclear radiation and
cryotemperature on the engineering properties of a selection of
nonmetallic materials. The materials selected for testingﬁwere
represehtative of those most likely to be used in spaceé;aft of
this type and consisted of two materials from each of the caftegories
of adhesives; seals, thermal insulations, electrical insulations,
structural laminates, and thermal-control coatings. Representative
tests included those sufficient to measure ultimate tensile
strength, ultimate elongation, breaking factor, tensile-shear

strength, compressive strength, stress-strain in tenslon; stress-
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strain in compression, and spectral reflectivity. The radiation
source for the experiment was the Ground Test Reactor (GTR) located
at the Nuclear Aerospace Research Facility (NARF), General Dynamics
Corporation, Fort Worth, Texas.

The procedure for the cryotemperature tests was to position
the test specimens in the cryogen chamber of the experimental assem-
blies and locate the assemblies next to the reactor face. The irra-
diation run was carried out with the specimens submerged 1n cryogen
fluid. Operation of the reactor was terminated after the required
radiation dose was achieved, and the specimens were then pulled in
tension and compression without intervening warmup. Nine data
points were recorded during each test on each material. These 1in-
cluded those obtainable from all combinations of three radiation
doses (zero, low, and high) and three temperatures (ambient, -320°F,
and -423°F). Ambient-temperature irradiations were conducted in
an air environment with specimen temperatures ranging from 110CF
to 143°F, and the subsequent tensile and compression tests were
performed with an Instron test machine in the Irradiated Materials
Laboratory.

A brief resume of the results of the tests on each material,
along with recommendations for its use, is given below:

Adhesives

Hexcel 1252. This material demonstrated increased tensile-

shear strength after irradiation at room temperature. At

cryotemperatures, the strength before irradiation was con-
slderably higher than the room-temperature value. Radiation




Seals

then served to reduce this strength somewhat, but the value
still remained higher than the room-temperature/no-irradiation
level. The material is therefore highly recommended for use
in this combination environment, up to the tested dose level
of 5x1010 ergs/gm(C) of gamma-type radiation.

Metlbond 406. This adhesive suffered severe degradation in

tensile~shear strength at all temperatures after irradiation
to a dose level of about 3x104iV ergs/gm(C). It 1s not recom-
mended for use under these environmental conditions.,

Teflon TFE, This material was tested at amblent temperature

in air only. After a relatively low dose of radiation under
these conditions the test specimens crumbled to powder.
Further testing is needed before recommendations can be made.

Kel-F-81. This fluorocarbon plastic was tested under all

conditions., Its properties were excellent under no-irradiation
conditions, but relatively small doses of gamma and neutron
radiation were sufficient to cause significant degradation in
tensile strength and severe embrittlement. It is not recom-
mended for use in a radiation environment at any temperature.

Thermal Insulations

Stafoam AALO2 and Styrofoam 22. Results of tests were similar

for both of these materials. Thelir compressive strength at
cryotemperatures increased with incident radiation up to a
gamma dose of about 5x109 ergs/gm(C)o Beyond this dose level,
the strength dropped off severely. Irradiation at ambient
temperature (~ 120°F) served to reduce the compressive strength
significantly. Both materials are recommended for use under
relatively low radiation environments at cryotemperatures.

Electrical Insulations

DuPont H-Film and Mylar-=C. These materials were tested in

tension in thin-film form. Contrasting values in tensile
strength for different radiation doses and different tempera-
tures were noted. PFurther testing 1s needed, and specific
recommendations are not possible at this time.

Structural Laminates

Conolon 506 and Paraplex P-43, Tensile properties of these

two laminates were measured and found to be similar. The



ultimate tensile strength of both materials was hlgher at
cryotemperatures than at room temperature, as could be ex-
pected, and remained higher after doses to 5 x 1010 ergs/gm(C).
Both materials are recommended for use under a radiation-
cryotemperature environment to the above-mentioned dose

level.,

Thermal-Control Coatings

Skyspar A-423-SA9185 and Sherwin-Williams W-49-BCl2, After
irradiation at room temperature, the subsequently measured
optical properties of these two coatings showed variations as

a function of radiation dose. However, after irradiation at
cryotemperatures, the properties remained fairly constant as

a function of radiation dose. No recommendations are attempted
with the data available from these tests, but the data shown

in the text is suitable for possible correlation with results
from other related tests.

A series of tests to measure the combined effects of nuclear
radiation and high vacuum was also conducted at NARF under the
same NASA contract. The experiment utilized two vacuum chambers
designed to operate in conjunction with the reactor. Tests were
performed in air after irradiation in air and in vacuum and air
after irradiation in vacuum. The experiment is described in

Volume I of this report.




FOREWORD

Work under this contract was performed by the Nuclear Aero-
space Research Facility (NARF) at General Dynamics/Fort Worth,
It was conducted in two separate sectlions under NASA Contract No.
NAS8-2450, The basic section, an experiment to measure the com-
bined effects of nuclear radiation and high vacuum on materials,
was initiated November 9, 1961, and carried out under the direc-
tion of E. E. Kerlin. The work is described in Volume I of this
report. The second section, an experiment to measure the com-
bined effects of nuclear radiation and cryotemperatures on a
selected group of nonmetallic materials, was initiated on July 1,
1962, as Modification I to the original contract. The work was
performed under the direction of E. T. Smith and is described in
this volume, Volume II, of the report.

The author wishes to acknowledge the valuable services of
the following people who have helped make this experiment possible:
J. W. Gordon for assistance in material selection and preparation}
F. F. Fleming and W. E. Ivie for the nuclear-radiation measurements;
E. E. Baggett, D. C. Butson, and E., M. Nelson for assistance in
equipment design; R. E. Miller for design and operation of the
electronic test instrumentation; and W. M. Brandenburg of GD/
Astronautics for conducting the optical measurements on thermal-

control coatings.
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I, INTRODUCTION

Considerable effort has been expended in the past several
years toward measuring the effects, individually, of nuclear
radiation and of cryotemperatures on various classes of materials,
particularly those materials which have been used in or have
potential application to space vehlcles. Very little data have
been accumulated, though, which show the combined effects of these
two environments., This has been due, in part, at least, to the
difficulty in designing and fabricating equipment suitable for
performing tests under these extreme conditions.

During thils experimental program, which was designed to
provide combined-environment data, tests were performed on six
different classes of materials: namely, adhesives, seals, thermal
insulations, electrical insulations, structural laminates, and
thermal=control coatings. Two materials in each class were tested.

The selection of specific materlals for testing was based
upon considerations involving the past history of their use in
spacecraft, potential use in this application, and knowledge of
thelr properties after separate exposure to radiation and cryo-
temperatures. Measurements included tensile-shear strength,
ultimate tensile strength, ultimate elongation, stress-strain,
leakage, compression-deflection, and spectral reflectivity. Tests
for each material were performed under nine different conditions,

consisting of the possible combinations of three different
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radiation doses (zero, relatively low, and relatively high) and
three different temperatures (ambient, =-320°F, and -423°F),

In the low-temperature portions of the experiment, irradia-
tion of the material specimens was carried out with the specimens
submerged in liquid nitrogen (LNg) and, again, in liquid hydrogen
(LHo). Subsequent tests (with the exception of the reflectivity
measurements on the thermal-control coatings) were then performed
on the materials at these cryotemperatures without an intervening
warmup. This factor in the experiment should be emphasized. It
points to the fact that any annealing out of radiation-induced
defects resulting from warm-up to room temperature prior to testing
was minimized, thus providing a measurement of the true conditions
that exist in materials which have been exposed to and are to be

used in this combined environment.
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II. TEST FACILITY AND EQUIPMENT

2.1 Radiation Effects Testing System

The Ground Test Reactor (GTR) 1s a heterogeneous, highly
enriched, thermal reacteor which utlizes water as neutron moderator
and reflector, as radiation shielding, and as coolant. Maximum
power generation is three megawatts. A detailed description of the
GTR may be found in Reference 1.

The irradiation pool (Fig. 2.1) is divided into two sections -
one north, one south. The south section forms the reactor pool and
is filled with water, while the north section is the irradiation
cell and is kept dry. The reactor closet in the center of the pool
divider extends into the irradiation cell to provide three sides for
irradiation. The corresponding irradiation positions - east, north,
and west -~ are clearly visible in Figure 2.1, Also shown in the
figure 18 the reactor in the fully retracted position on the hori-
zontal positioning mechanism,

Adjacent to the north wall of the irradiation cell is the
handling area. Equipment permanently installed in the handling
area includes a gas-monitoring system, a Davis explosion meter, and
environmental conditioning equipment for the Radiation Effects
Testing System. The auxiliary equipment necessary for cryogenic
experiments was also located in this area. Filgure 2.2 is a view,
looking south, of the Radiation Effects Testing System. It shows
the concrete pool shields, the irradiation pool, the shuttle system,

and the handling area.
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The reactor closet is partially covered by f4-in.-thick boral
to attenuate thermal neutrons. The boral extends 36 inches east and
west along the pool divider from the closet, and 36 inches up and
down from the horizontal centerline of the reactor. The centerline
is 57 inches above the cell floor.

The reactor, in an aluminum enclosure to facilitate cooling-
water flow, is mounted on a horizontal positioning mechanism in the
south section. This mechanism enables the reactor to be positioned
at any distance from 2 to 90 inches from the north face of the
closet,

An integral part of the NARF Radiation Effects Testing
Facility is the shuttle system. This system consists of cable-
driven dollies mounted on three sets of parallel tracks. The tracks
extend from the irradiation positions adjacent to the reactor closet,
up an incline to the north wall of the irradiation cell, and to a
loading area on the ramp Jjust north of the handling area. The
system can be operated from either the control room or the dolly
motor-drive shed on the north ramp. Full-coverage televiewing of
the entire shuttle system is provided by means of a closed-circuit
television system in the control room.

Cryotemperature and ambient-temperature lirradiation tests were
performed on the east and north irradiation positions. The experi-
mental assemblies and the ambient-temperature irradiation racks
were secured on the dollies and lowered into position by means of

the shuttle system.
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2.2 Cryotemperature Experimental Assemblies

Previous experience of General Dynamics personnel in the use of
remotely operated tenslle-testing apparatus in conjunction with the
Ground Test Reactor contributed significantly to the design of three
experimental assemblies constructed for use in this experiment,
Prime requirements which were incorporated into the experiment
included (1) means for applylng tensile and compression forces
remotely to material specimens submerged in cryogen fluids and (2)
means for measuring the magnitude of these forces and the resulting
strain in the specimens. In addition, each assembly was required to
handle over 60 specimens in a single loading.

In Figure 2.3 are photographs of the front, side, and back of
the complete assembly mounted in a support frame. In actual opera-
tion, thils frame, with the assembly installed, latches to an

escalator system which automatically positions the assembly next to

'the face of the reactor. Also in Figure 2.3 is an exploded view of

the assembly. As shown in this photograph, the assembly consists
of two main sections: (1) the upper section, containing ten hydraulic
cylinders, the cylinder mountihg structure, ten pull rods, specimen-
mounting yokes, and ten linear varlable differential transformers
(LVDTis); ahd (2) a lower section, or quadruple-walled Dewar, to
contain the specimens and the cryogen.

The hydraulic-cylinder mounting framework and specimen-
mounting framework are bolted, respectively, to the top and bottom
of a flange which, in turn, mates to the top of the Dewar. The
yURI O D L o
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pull rods operate through tubular risers welded to the top of the
flange., These risers contain Teflon shaft seals. Various other
drillings and tappings through this top flange contain the cryogen
inlet tube, evaporated-cryogen outlet pipe, thermocouple leads,
strain-gage leads, pressure transducer, and liquid-level probe,
Prior to operation of the system, particularly with LHy as the
cryogen, all openings to the cryogen chamber are sealed completely
to prevent even the minutest of gas leaks.

The Dewar, or cryogen chamber, is a quadruple-walled vessel
with an 8 by 24 by 26 in.-deep inner chamber to receive the cryogen,
test specimens, and specimen-mounting apparatus. Surrounding this
inner chamber on all sides 1s a #-in.-thick vacuum chamber which is
pumped to a pressure of 5 microns just prior to operation of the
assembly. Surrounding the vacuum chamber on all sides is a %—1n.-
thick chamber to contain LN5 when LH, is used in the inner chamber.
Then, surrounding the LNo chamber on all sides 1s a 1%-in°-thi¢k
outer chamber which 1s filled with Refrasil, an inert SiOo thermal-
insulation material. Ports for the vacuum and LNo insulation
chambers are positioned on the back side of the Dewar.

The LVDT's are used to measure movement of the test-specimen
pull rods to an accuracy »f X0.001 inch over a linear range of
0.60 inch. The transformer core is fastened rigidly to the pull
rod, and the transformer coil is mounted to the upper structure
framework through a gear-and-rack unit. A small electric motor is

used in conJunction with this unit to reposition the transformer
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coil over a 4-in, vertical range. This repositioning of the coil is
necessary to permit linear measurements of pull-rod movement over a
total pull-rod travel of four inches.

One of the three experimental assemblies utilizes five O- to
1000~1b dynamometers to measure load on the specimens directly,
rather than indirectly with an Instron testing machine through the
hydraulic servo- system., These units are installed in the assembly
Just below the hydraulic cylinders by breaking and removing a
section of the pull rod.

Figures 2.4 and 2.5 are closeups of test-specimen mounting
apparatus. The center rod on the front row in Figure 2.4 contains
four dumbbell-type specimens of structural-laminate material. Each
specimen contains glued-on doublers on both ends. The upper clevis
rod passes through a single 3#-in.-diam hole in the top of each
specimen. The bottom of each specimen contains a %-in.—wide slot
of varying length to permit four specimens to be pulled and broken
in tension, sequentially, with one upward movement of the pull rod.

Figure 2.5 shows two thin-film testers on the left and three
compression-button testers on the right. Each film tester is
arranged to pull four thin films in tension, sequentially, with one
upward movement of the pull rod. The ends of the films are wrapped
and glued to $-in.-diam spools which have a milled "flat" on each
end, These flats slide in varying-length slots in the lower section
of the film tester to permit sequential pulling of each film. In
addition, the flats serve to prevent rotation of the spools when

the film is in tension.
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The compression-button testers consist of upper and lower yokes
which mount to the standard clevis. The end of each yoke contains a
flat plate for compressing the specimen. The specimen rests on the
upper-yoke plate and rises with upward pull-rod movement to meet
the lower-yoke plate and thus undergo compression.

Figure 2.6 is a closeup of two pressure chambers containing an
O-ring seal made from one of the test materlals. These chambers are
pressurized with helium gas to 50 psi during lrradiation. During a
test, the supply valve 1s closed and pressure drops are monitored.
Losses in pressure during the test and the results of postirradia-
tion inspection and testing of the O-ring are both consldered in
evaluating the radiation resistance of the material at cryotempera-
tures.

The liquid-level probe can be seen hanging vertically along
the left-hand edge cf Figure 2.6. The cryogen supply tube is
located between the two O-ring testers.

The Dewar for the experimental assembly was fabricated
completely from type 6061-T6 aluminum. The top flange and hydraulic-
cylinder support frame are also 6061-T6 aluminum. The box frame
below the top flange, as well as the upper and lower clevises and
the specimen-mounting apparatus, is fabricated from type 321
stainless steel.

All design and fabrication work on the experimental assemblies

was performed at General Dynamics/Fort Worth.

41



NPC 17,431
31-6556

Figure 2.6 O-Ring Pressure Test Chambers

42




2.3 Experimental-~Assembly Accesgssory Equipment

Operation of the experimental-assembly hydraulic cylinder
(slave cylinder) is accomplished with a master cylinder connected
to the crosshead of an Instron machine (Fig. 2.7). The master
cylinder is connected to the slave cylinders by £-in. soft-copper
hydraulic lines, Twenty lines (supply and return to ten cylinders)
are routed from each experimental assembly through a selector panel
(Fig. 2.8). Forces exerted by the Instron machine are thus trans-
mitted indirectly to the specimens in the experimental assembly.
Length of the connecting hydraulic lines is 100 feet. Oronite 8515
hydraulic fluild is used,

The LN, supply lines are 2-in. soft-copper tubing insulated
with a l=in. thickness of Armstrong Armaflex insulatlon. These
lines connect to a 3-outlet manifold on the LNo supply tanks. The
LHo supply line is a £=in. ID x 1-in. OD flexible, bellows-type,
stainless-steel line made by The Linde Company. It is vacuum-
insulated and requires no outside covering. A l-inlet, 3-outlet,
vacuum=insulated manifold is used in the LHp supply-plping system
to feed three experimental assemblies simultaneously from one LHp
supply tank. The manifold contains a solenoid-controlled, air-
operated, vacuum-insulated cutoff valve in each outlet line. Evap-
orated-cryogen lines are 13-in., flexible metal hose. Provision is
made to vent evaporated LHp to the atmosphere from a 20-ft-high

stack located 1n a remote end of the reactor area.

43



NPC 17,432
31-0812

]

=i
T,
¥

Figure 2.7 Model TT Instron Machine with Hydraulic Servo-System
Master-Cylinder Installed

44



NPC 17,433
31-6813

I

. Figure 2.8 Hydraulic Servo-System Slave-Cylinder Selector Panel

45




Figure 2.9 is a photograph showing two experimental assemblies
in irradiation position at the east and north positions. The
vacuum-irradiation system is located at the west position. Reference
to the photograph shows the bundle of 20 soft-copper hydraulic lines,
electrical harness, insulated INo supply line, and flexible-metal
evaporated-cryogen outlet line coming from each experimental
assembly. Frost around the top flange and on the evaporated
cryogen-outlet line of the north assembly indicates that this assembly
is partially filled with LNp, The west escalator pallet is shown
in the half-down position.

2.4 Ambient-Temperature Irradiation Equipment

For the ambient-temperature irradiation, an aluminum box - frame
with slots for expanded-metal trays was used (Fig. 2.10). This
frame~work also latches to the escalator pallet for positioning
next to the reactor face. Different specimens scheduled to receive
the same radiation dose were wired to the expanded-metal trays in a
circular arrangement. This was necessary because of the circular
pattern of isodose lines that exist in vertical planes out from the
reactor face during operation. The trays were placed at various
distances from the reactor face to achieve varying doses on different
specimens during an irradiation. Specimens irradiated at ambient
temperature were subsequently tested at room temperature in the

Irradiated Materials Laboratory (IML).
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2.5 Test Instrumentation

Instrumentation necessary to operate the experimental
assemblies and record the required data included the following:

(1) standard Instron instrumentation to record stress-strain data;
(2) ten-point Honeywell recorders to chart temperatures of specimens
during the ambient irradiation, together with temperatures of speci-
mens and cryogen during the LHpo and LNp irradiations; (3) a GD/FW-
designed instrumenﬁ to provide continuous indication of cryogen
liquia level during operation with LNo and LHp; and (4) a Model 150
Sanborn oscillograph recording system with a Model 150-100 carrier
preamplifier which was used to record (a) stress-strain data as
received from the dynamometers and LVDT!'s and (b) cryogen-chamber
pressure signals received from a pressure transducer installed in
the top flange of each experimental assembly. The Instron machine
is a Model TT. The LVDT's are Schaevitz No. 600ES-L; the dynamo-
meters, Schaevitz No. TDC-4A-1000; and the pressure transducers,
Consolidated Electrodynamics No. 4-312. PFigure 2.11 is a photograph
of the Sanborn equipment and the GD/FW-designed liquid-level
indicator control panel.

The liquid-level indicator utilizes a basic balanced-bridge
circuit as the principle of operation (Fig. 2.12). The sensing
elements are 1000-ohm resistors positioned on approxlimately 3-in.
vertical intervals in the cryogen chamber (Fig. 2.6). The resis-
tance of these sensing resistors when submerged in cryogen changes

to approximately 5000 ohms which, during operation, unbalances the
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bridge circuit and causes current to flow through the meter relay.
This current deflects the meter needle until it comes in contact
with another preset needle, thus closing contacts which activate
the warning-horn circuit.

A meter-polarity-reversal switch and a bridge-adjustment
potentiometer are provided on the control panel. Operation of
these units provides a warning-horn signal either with a sensing
resistor "in-liquid" or "out-of-liquid," thus providing a means of
determining whether the liquid level 1s rising or falling in the
chamber and the approximate rate of change.

During an irradiation run, the pressure-transducer recording
chart and cryogen~chamber temperature recorders are operated
continuously and are visually monitored to guard against any unusual
rise in these readings. The allowable limit on pressure for the
cryogen chamber is 5 psi. Any rise above this point necessitates
closing the cryogen supply valve and checking the evaporated-
cryogen outlet pipe for stoppages.

The liquid-level instrumentation is also operated and monitored
continuously whenever cryogen is flowing into any assembly. The
liquid level is maintained by opening and closing valves in the LNo
and LH, manifolds.

Before data are taken with the LVDT's, dynamometers, and
Instron maéhine, each of these units must be calibrated. This is

accomplished by plotting output signals against known loads and
deflections.
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When actual measurements of a specimen being pulled in tension
or compression are taken, the Instron, LVDT, and dynamometer recorders
all work in conjunction. As the specimen is pulled, all three
recorders are pipped periodically and simultaneously to establish
common points on the three curves. The Instron recorder plots the
stress seen by the crosshead as a function of the actual crosshead
(or master-cylinder) movement. Voltage changes resulting from
movement of the LVDT core are plotted and readily translated into
inches of pull-rod movement. Similar data are received from the

dynamometers and read from the chart as pounds-of-force exerted by

the pull rod.
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III. RADIATION ENVIRONMENT

3.1 GTR Neutron Spectrum Determination

3.1.1 Analytical GTR Neutron Spectrum

The spectrum (Ref. 2 ) of the GTR in a water moderator has
been measured to be Maxwellian at thermal energies (E < 0.48 ev),
approximately E-1 from about 0.5 ev to 0.1 Mev, and essentially a
fission spectrum for higher energies. 1In Figure 3.1, this spectrél
shape has been mathematically altered to account for the attenuation
of the neutron flux by the boral surrounding the reactor in the dry-
pool configuration. The resulting analytical spectrum has been
shown to represent the actual spectrum fairly accurately.

Flux measurements have been made in the thermal, epithermal,
and fast energy ranges by use of a variety of thermal, resonance,
and threshold detectors. Measurements made in the dry side with
the boral in place, in the energy range above 2.9 Mev, agree well
with those in the wet-pool silde. The measured thermal flux is in
general agreement with that obtained by integration of the analyti-
cal curve shown in Figure 3.1. Measurément of the epithermal flux
by use of resonance detectors 1s very difficult and values differ-
ing by as much as a factor of 2 are obfained by the various detec-
tors,

An experimeﬁt (Ref. 3 ) performed for Sandia Corporation mapped
the irradiation volumes with plutonium, neptunium, uranium foils,

and sulfur pellets of the type used by GD/FW. The foil-counting
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and data reduction were done by Sandia. The results as reported by
Sandia show that Sandia and GD/FW agree within a few percent on sul-
fur measurements (E > 2.9 Mev) and that fission-foil data agree
favorably with the analytical spectrum at all locations.

The neutron spectrum above 0.5 Mev has also been determined
at one location by means of Ilford neutron plates (type E-1).
Integrals of this spectrum agree closely with integrals of the
analytical spectrum.

In June 1960, a comprehensive foil-calibration experiment en-
compassing both GD/FW and Aerojet-General Nucleonics (AGN) foils
was conducted (Ref. 4). The results of the two independent count-
ing and data-reduction programs agree within a few percent.

3.1.2 Experimental GTR Neutron Spectrum

Figure 3.2 shows a representativé neutron-energy spectrum in
the east cryogen chamber at a point midway (front to back) between

the center sample positions. This spectrum is normalized to an

I

experimental fast flux Z(E > 2.9 Mev) = 2.9 x 10 n/bme—sec-watt
and shows that, in the energy interval given, the spectrum shape
is affected only slightly, if at all, by attenuation through LN2
or LH, (compare with Figure 3.1).

3.2 Nuclear-Measurement Procedures

Determination of the neutron flux and gamma dose inside the
experimental assemblies was done according to NARF standard pro-

cedures used on all irradiation tests. Radioactivants used for
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figure 3.2 Representative Neutron Spectrum in the East
Cryogen Chambers Midway Between Front and
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neutron-flux measurements were standard types and are outlined in
the succeeding sections., Gamma-dose levels were monitored with
nitrous-oxide and polyethylene plastic dosimeters.

3.2.1 Ambient-Temperature Irradiation

Three racks mouﬁted with the material specimens prescribed
for the tests were irradiated in air at ambient temperature( ~ 125°F)
on the north pallet position of the GTR at a power level of 1.5 Mw.
The rack-mounted materials were to receive integrated gamma doses
[ergs/gm(C)] as follows: Rack 1, 5 x 1019; Rack 2, 1 x 10%°; and
Rack 3, 5 x 107,

Nuclear measurements were made at strategic locations on each
rack with bare and cadmium-covered copper foils for the thermail
flux,  sulfur pellets for fast-neutron flux (E > 2.9 Mev), and
nitrous-oxide gamma dosimeters., Figures 3.3, 3.4, and 3.5 show
locations of material specimens and nuclear measurement packets on
Racks 1, 2, and 3, respectively.

3.2.2 Liquid-Nitrogen Irradiation

Packets containing one each of the neutron radioactivants
sulfur, magnesium, aluminum; and bare and cadmium-covered copper
were mounted on 0.,040-in.-thick expanded-aluminum sheets in an
array as shown in Figure 3.6. Locations of nitrous-oxide gamma
dosimeters are also shown., Sheets with detectors arranged in this
manner were attached to the lower box-frame directly in front of,

and directly behind, the test samples in the cryogen chambers of
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Figure 3.3 Layout of Materials and Dosimetry Packets on
Rack 1 for Ambient Irradiation
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Figure 3.4 Layout of Materials and Dosimetry Packets on
Rack 2 for Ambient Irradiation
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Figure 3.5 Layout of Materials and Dosimetry Packets on
Rack 3 for Ambient lrradiation
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the north and east assemblies, Measurements were made with the detec-
tors submerged in liquid nitrogen.

In addition, a total of slx nitrous-oxide gamma dosimeters were
located on the outside, front and back, of each of the north and east
cryogen chamberg during irradiation. Théy were positioned so as to be
on a horizontal plane through the test materials, and were spaced
evenly with respect to the pull-rod centerline. (The spacing of
these dosimeters across the front and back faces, relative to the
pull-rod positions in the cryogen chambers, is indicated by the
points on the solid curve shown in Figure 3.10).

3.2,3 Ligquid-Hydrogen Irradiation

Packets containing the neutron radioactivants sulfur, magne-
sium, aluminum, and bare and cadmium-covered phosphorous were mounted
on 0,040-inch-thick expanded-aluminum sheets in an array as shown
in Figure 3.7. These neutron-deftector packets were located in front
of ardbehind the test samples and were irradiated while submerged
in liquid hydrogen.

Since there are no calibration data for gamma dosimeters
irradiated at liquid-hydrogen temperatures, no gamma-measurement
devices were placed inside the experimental assemblies during the
LH2 test. At the present time, lnvestigation is being made of the
effects of cryotemperatures upon nitrous-oxide gamma dosimeters,
with hopes that they may be used with confidence in future experi-

ments.
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A total of eight nitrous-oxide gamma dosimeters were located
on the outside, front and back, of each of the north and east cryo-
gen chambers during irradiation. They were positioned so as to be
on a horizontal plane through the material specimens. The spacing
of these dosimeters across the front and back chamber faces, relative
to the pull-rod positions in the cryogen chambers, is indicated by

the points on the solid curves shown in Figure 3.13.

3.3 Nuclear Measurement Results

3.3.1 Ambient-Temperature Irradiation Tests

The radiation exposure levels measured during the ambient-
température irradiations are given in Table 3.1. These radiation
measurements show good agreement with previously measured radiation
levels made in airat these locations (Ref., 5).

3.3.2 Liguid-Nitrogen Irradiation Tests

There were two factors which contributed to the loss of por-
tions of the required LN2 data, First, an unexpectedly high radio-
activity in the experimental assemblies hampered the manual removal
of the neutron folls. This resulted in a loss of some of the foils
and an excessively long retrleval time for others. Second, gamma
heating during the test resulted in the melting of sections of a
lead shield., The molten lead then came in contact with some of the
dosimetry and destroyed it.

Average values of the neutron flux midway between the front

and back sample rows were obtained by interpolation between flux

measurements made with neutron detectors located directly in front
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Table 3.1

Radiation Exposure Levels for Ambient Irradiation

Integrated Neutron Flux
Dosimet
coket © | Thermal | E >2.9 Mey | Jamma Dose

Packet > ergs/gm(Cﬂ,
Number* (n/cm<) (n/cm?) [ B

Rack 1

ATl 2.2 x 1014| 1.7 x 1016 6.0 x 1010
AI2 o.4 x 1014 | 1.6 x 1016 6.0 x 1010
AI3 4.7 x 1014 1.7 x 1016 6.7 x 1010
ATH 2.3 x 1014 1.6 x 1016 4.9 x 1010
AI5 6.3 x 1014| 1.9 x 1016 8.8 x 1010
Rack 2

AIT1 3.7 x 1014 2.5 x 1015 1.1 x 1010
AII2 3.6 x 1014| 2.5 x 1015 1.0 x 1010
ATI3 3.5 x 1014| 2.6 x 1015 1.2 x 1010
AITL 3.2 x 1olﬁ 2.2 x 1015 7.6 x 109
AIIS 3.5 x 101 2.9 x 1015 1.1 x 1010
Rack 3

AIII1 1.1 x 1olﬁ 1.1 x 1015 5.5 x 109
AIII2 1.0 x 101 1.3 x 1015 .8 x 109
AIII3 9.6 x 1012 1.3 x 1015 4.9 x 109
ATIIh 1.7 x 1olLl 1.2 x 1015 4.6 x 109
AIIIS 2.2 x 101 1.3 x 1015 4.6 x 10°

*3ee Figures 3.3, 3.4 and 3.5 for locations of packets
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of and behind the sample positions during the irradiation. Figures 3.8
and 3.9 show these values for the east and north chambers, respectively,
plotted as the solid lines. The broken lines in the figures show
analytical neutron-flux values, the values most likely to be expected
in the chambers (see below).

The flux values shown in the figures for both chambers for
E > 2.9 Mev are in very good agreement with the air-flux values
(Ref. 5,. However, for the reasons given above, the flux values in
the east chamber (Fig. 3.8) for E> 8.1 Mev and E< 0.48 ev are
known to be low, and the E > 7.5 Mev flux values are erratic and
are not plotted. In the north chamber (Fig. 3.9) the thermal-flux
values (E< 0,48 ev) are not shown because they too are erratic.
In order to determine these missing values, a comparative analysis
was made with other reliable measurements, as follows:

The ratio of the neutron flux above 2.9 Mev to that above
8.1 Mev measured during the LH2 experiments (Sec. 3.3.3) was found
to be 25, This value is in good agreement with the accepted value
of 26 for the GTR spectrum measured through the boral shroud in
previous tests (Fig. 3.1). Multiplying the 2.9-Mev neutron flux,
plotted in Figures 3.8 and 3.9 by 1/25 yields the neutron flux for
E > 8.1 Mev shown as a dashed line.

The neutron flux for E > 7.5 Mev was obtained in much the
same manner. For the GTR spectrum measured through the boral shroud,
where J(E > 2.9 Mev)/#(E > 8.1 Mev) = 26, then F(E> 2.9 Mev)/¢#

(E > 7.5 Mev) = 18. Thus, in the cryogenic experimental assemblies,
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where @(E > 2,9 Mev)/P(E >8.1 Mev) = 25, it may be assumed that
the ratio F(E >2.9 Mev)/g(E >T7.5 Mev) - 17. Therefore, values
for the neutron flux for E >7.5 Mev are determined from the mea-
sured sulfur flux (E > 2.9 Mev) by multiplying this flux by 1/17.
These values are also shown as dashed lines in Figures 3.8 and 3.9.

The gamma dose-rate valueé are shown in Figure 3.10 for both
the north and east chamber locations. The solid line in Figure 3,10
i1s the average gamma dose rate along a line midway between the front
and back rows of pull rods inside the east experimental assembly.
These values were obtained from measurements made with NQO gamma
dosimeters located directly in front of and behind the specimen
positions but on the outside of the chamber. The N20 dosimeters
mounted on the outside of the north chamber were accidentally de-
stroyed during manual removal after irradiation.

The dashed lines in Figure 3.10 show the gamma dose rate
along a line midway between front and back rows of pull rods inside
the east and north assemblies obtained from previous measurements
made in air (Ref. 5). These curves are, for reasons given below,
considered to be a more reliable representation of the gamma flux
in this run.

A considerable difference exists between the two gamma dose-
rate curves for the LN2 and LH2 runs for the east cryogen chamber
(compare Figs. 3.10 and 3.13). This variation can be attributed,
in part, to the use of a lead shield on the reactor side of the

assembly during the LN2 run., An area on the front face of the cryo-
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gen chamber sufficient to expose all specimens to a direct beam of
radiation from the reactor was provided by a rectangular port in
the shield. The dosimetry was then mounted on the exposed surface
of the cryogen chamber within the confines of this port, which
meant that the gamma dosimeters were in close proximity to the two-
inch-thick, steel-enclosed lead. Heat buildup in this shield -
estimates of the temperature are 600°F to 800°F - is thought to
have caused the response rate of the nearby nitrous-oxide dosim-
eters to increase, resulting in erroneously high dose readings

for the LN2 run,

Nitrous-oxide dosimeters irradiated>while submerged in liquid
nitrogen in the north and east chambers were analyzed, but, because
the results appeared somewhat erratic, they were considered not
to be representative of actual gamma-dose levels. These values are
given in Table 3,2 for information only.

Most of the polyethylene plastic dosimeters irradiated during
this test were overexposed. The useful range of this type of dosim-
eter is from 1 x 10° to 1.5 x 107 ergs/gm(C). The results of post-
irradiation processing of the polyethylene dosimeters indicated,
however, that the integrated gamma dosés at the north-front,
north-back, and east-front positions were equal to or greater than
1.5 x 102 ergs/gm(C). Those dosimeters located at the east-back
position showed an integrated dose of approximately 1.4 x 109 ergs/gm(C).
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Table 3.2

Results from Nitrous-Oxide Gamma Dosimeters
Irradiated in Liquid Nitrogen

Positions ergs/gm(C) ergs/gm(C)-hr-Mw

North Chamber

Front 2 1.75 x 10%1 1,46 x 107
Front 6 1.7 x 101t 1.42 x 10°
Back 2 6.5 x 1010 5.4 x 108
Back 6 (broken)

East Chamber

Front 2 (not exposed)
Front 6 (not exposed)
Back 2 7.4 x 109 1.9 x 108
Back 6 8.3 x 109 2.1 x 108

3.3.3 Liguid-Hydrogen Irradiation Tests

Figures 3.11 and 3.12 show an average and analytical neutron
flux determined in the same manner as that shown in Figures 3.8
and 3.9. Table 3.3 shows average values of the neutron flux above
the given thresholds as a function of the neutron flux for E > 2.9 Mev.
The data indicate that reliable measurements were obtained from the

 sulfur (E >2.9 Mev) and aluminum (E >8.1 Mev) threshold detectors.
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Table 3.3

Neutron-Flux Ratios in
East and North Cryogen Chambers

!

Chamber | #>2.9 Mev/@B(Th) #>2.9 Mev/@>7.5 Mev| g 2.9>Mev/@F>8.1 Mev

East 0.45 24 25
North 0.35 31 25

Thermal-flux values 1n LH2 are higher than those measured in
air (Ref. 5), which is about as expected, Data on the thermal-neutron
flux presented here are based on an ambient-temperature determination
and do not reflect a conversion factor for the cryotemperature in
the chamber, Use of a temperature correction factor to determine
the true thermal flux involves two rather broad assumptions: (1)
the neutrons are in thermal equilibrium with the surroundings, and
(2) the energy distribution of the neutrons is indeed Maxwellian.
Since neither of these assumptions may be substantiated, all thermal-
flux values throughout this section are based on an ambient-
temperature determination.

The average gamma dose rates along a line midway between the
front and back pull rods in the east and north chambers are given
in Figure 3.13. These values are shown as the solid lines. They

were obtained from nitrous-oxide dosimeters placed directly in

front of and behind specimen locations, but on the outside of the
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cryogen chambers. The broken lines are the gamma dose rates along
the line Jjust described and are obtained from previous measurements

made in air (Ref. 5).
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Iv, TESTING PROCEDURES

The materials tested and the test plan for each are given in
Table 4.1. In all tests, the ASTM procedure that was most applicable
was followed as closely as possible. However, some modifications
were required because of the environment involved and the use of
remote control to operate the equipment. Shapes and dimensions of
the test specimens were held very close to ASTM dictates, although
some deviation was necessary where doublers, rod holes, and slots
were needed, as in the dumbbell-type specimens of materials D, I,
and J.

All tests were performed accofding to the test plan, with a few
minor exceptions (which will be discussed individually) and one major
exception., The major exception was concerned with the LHo high-dose
tests for materials A, B, I, and J. A small fire of undetermined
origin occurred in the area of the electrical and tubing harness of
one experimental assembly after 20 hours operation in the LHp
irradiation, resulting in termination of the test at this point.

The harness was destroyed over a small section, which prevented the
taking of any data on materials requiring the highest scheduled dose
in the LH2 run. This is reflected in the data and demonstrated in
photographs of the tested specimens.

Temperatures of specimens during the ambient irradiation
ranged from 1100F for those in the tray farthest from the reactor to

143°F for those nearest the face of the reactor.
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4,1 Material A: Hexcel 1252

The samples for testling this adhesive were prepared by the
laboratories at the George C. Marshall Space Flight Center, Hunts-
ville, Alabama. The adhesive was applied in a %—in.-wide strip
across the ends of 6-in.-wide, 1/16-in.-thick aluminum sheets. The
2024 aluminum sheets were cleaned chemically by standard procedures
before application of the adhesive. One hundred grams of the
adhesive (1252) was thoroughly mixed with 5 mg of a catalyst (1252C)
and this mixture applied to the bond area of each aluminum sheet.
After air-drying for 30 minutes, a thin coat of the adhesive was
applied to one of the sheets making up the sample and the two sheets
placed together so that the 3-in. bond areas overlapped. Reduction
of the glue area was at first considered necessary because the
pulling forces obtainable on the pull rods through the hydraulic
servosystem reached a maximum of about 3000 1b (instead of the
desired capability of 10,000 1b) at Instron crosshead speeds below
0.10 in./min. Apparently, small leaks past piston seals and through
fitting joints developed at hydraulic pressures of around 300 psi
(or 3000 1b total force). The transmission rate of fluid from the
Instron master cylinder to the slave cylinder at these slow speeds
was then less than the leak rate, which resulted in a gradual
slowing-down and an ultimate stop 1n pull-rod movement at these
pressures.

The problem of testing materials under these conditlons existed

with Materials B, I, and J, as well as A, It was partially solved by
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reducing the glue area on Material A and, later on, during the tests,
by raising the crosshead speed to the point of surpassing the leak
rate for tests on the other materials, This increase in crosshead
speed provided higher pull~rod forces, but pull-rod rates remained
on the low side and, in some cases, amounted to only one~tenth of
that called for in the test plan.

Some Material A specimens failed in the doublers, but most were
tested satisfactorily. The data for Material A are tabulated in
Table A-1l, and a photograph of representative specimens which were
tested under all nine conditions is shown in Figure 4.1. The condi-
tions were as follows: no-irradiation (No IRR. ); irradiated, low dose
(IRR., L.D.), and irradiated, high dose (IRR., H.D.) at each of three
temperatures. A standard untested specimen is shown at the top of
the figure.

4,2 Material B: Metlbond 406

This material was also furnished by the George C. Marshall
Space Flight Center. Aluminum sheets (2023-T3), 4 by 6 by 1/8 in.,
were degreased by wiping with toluene and soaking in warm water
contailning Alconox detergent. After thorough rinsing and air-drying,
the bond areas were cleaned by a solution containing 330 gm of sodium
dichromate 2H 20, 2740 ml of distilled water, and 525 ml of 95%
sulphuric acid. This solution was kept at from 150° to 160°F for
20 minutes before using. The test pieces were rinsed and air-dried.
The bond area of all pieces was coated with liquid Metlbond 408,

applied with a brush. This coat was air-dried a minimum of two hours.
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A strip of the Metlbond 408 was applied to one side of the test
sample and placed in a hot-air oven at 105°C for one hour. This
plece was used with a primed-air-dried half and was overlapped
% inch. The excess adhesive film was removed and the sample was
placed in a modified Carver press at about 5 psi for 5 minutes at
300°F. The pressure was released for about 30 seconds and the sample
cured for one hour. The sample was removed and a S/B-in. strip cut
from its side and discarded. The remainder of the sample was cut to
l-in.-wide strips for test specimens. The excess adhesive was
removed from all bond edges and the bond area was measured to 10.005
inch. The cure was for one hour at 350°F at 25 psi.

The glue area of these specimens was 1 by % in. Most of the
test specimens pulled satisfactorily, with very few showlng breaks
in the doublers. The doublers, in the case of both A and B materials,
were made from 1/16-in.-thick aluminum sheet and were glued and
riveted to both sides and both ends of each specimen.,

Data for Material B are tabulated in Table A-2, Figure 4,2
is a photograph of representative specimens which were tested under
the nine conditions.

4.3 Material C: Teflon TFE

This material was tested for stress-strailn, tensile strength,
ahd ultimate elongation at the ambient-temperature, no-irradiation
condition only. It was irradiated to the low and high doses at
ambient temperature in air, but the specimens crumbled while being

removed from the mounting trays. The specimens were in thin-film
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form (10-mil thickness), but all attempts to glue them to the thin-
film-tester spools used for low-temperature tests in the experimental
assemblies failed.

The data for this material are tabulated in Table A-3. Figure
4,3 is a photograph of the specimens,
4.4  Material D: Kel-F-81

This material was tested in the form of a dumbbell tensile
specimen and as an O-ring. Doublers for the tensile specimens were
made from aluminum sheet and were glued and riveted on. About 20%
of these specimens, upon inspection, were found to be broken in the
doubler area. Analysis of the data, however, indicated that most of
these probably broke in the narrowed section of the specimen first.

The normal procedure for testing dumbbell-type specimens in
tension is, of course, to attach an extensometer to a 2-in. gage
length in the center of the narrowed section of the specimen and to
measure the resulting strain over this gage length as the specimen is
pulled. However, no provision was made for any kind of remotely
operated extensometer to be used with specimens submerged in cryogen
in the experimental assemblies. Instead, only the extension between
clevlis rods was measured. Thils approximates the crosshead extension,
or extension between clamping Jaws, of a specimen tested in a
standard tensile machine.

The amblent-temperature dumbbell-type specimens, however, were
tested with the use of an extensometer, and both crosshead exten-

sion and gage-length extension were recorded. The procedure of
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taking both extensometer and crosshead data on one group of speci-
mens applied to all materials with dumbbell-type specimens, namely,
Materials D, I, and J.

No tests were performed on Material D specimens that were
irradiated to the high dose at ambient temperature. The environ-
ment had embrittled them to the point that they fractured as they
were belng removed from the mounting trays.

Material D was also machined into O-rings to test the sealing
characteristics of the material under the combination environment of
nuclear radiation and cryotemperature. Pressure chambers (Fig. 2.6)
were fabricated to contain these O-rings as seals between the flanges.
Both the O-ring and the O-ring groove in the flange were of standard
dimensions. These chambers were pressurized with helium gas during
the irradiations, and periodic checks of the leak rates were made.
Postirradiation checks of the pressure-holding characteristics, as
well as visual inspection of the rings, were made. In addition,
tests were run to determine ultimate tensile strength, and the
resulting values were checked against similar values for unirradiated
O-rings.

As mentioned above, both extensometer deflection and crosshead
deflection (or deflection between clamping jaws) were measured as a
function of load for one group of specimens at ambient temperature.
From these data, taken on three specimens for Material D, the average
loads for unit crosshead (or pull-rod) deflection and unit exten-

someter deflection were determined (see Table A-5), With these
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average data, a constant equal to the ratio of extensometer deflec-
tion to pull-rod deflection was calculated. Each value of unit pull-
rod deflection, corresponding to average loads of specimens pulled
in the experimental assemblies under cryotemperature conditions, was
then multiplied by this constant to obtain hypothetical extensometer
strain values for these low-temperature specimens. These calculated
values are included with the data taken for this haterial, as shown
in Tables A-4 through A-11,

Figure 4.4 is a photograph of representative tensile specimens
pulled during the experiment.
4.5 Material E: Stafoam AA-402

Tare loads resulting from drag on both the master-cylinder
piston and the slave-cylinder plston existed with all tests that
utillized this hydraulic servo system. These loads were a function
of Instron crosshead speed, being larger for higher speeds, and
varied from about 150 to 450 1b for crosshead speeds between 0.05
in./min and 0.50 in./min. These loads were discernible on the
Instron chart during movement of both pistons Just prior to contact
with the specimens, In instances involving pull rods with dynamo-
meters installed, the tare load of the slave piston: itself was
indicated on the dynamometer chart, with the total tare on the
entire system belng recorded on the Instron chart. In tabulating
load data for all specimens, tare loads were of course subtracted

to obtain the true loads on the specimens.
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Materials E, F, G, and H all required net loads of from about
20 to 150 1b to complete the required test. A careful analysis of
the charts was thus necessary to accurately subtract out the
relatively high percentage of the total load which amounted to tare.

During the portions of these tests in which dynamometer data
as well as Instron data were available, the pure tare load, which
was recorded Just prior to contact with a specimen, was lower on
the dynamometer chart than on the Instron chart. This is to be
expected, since the dynamometer was seeipg tare load on the slave
piston only. But when the specimen was picked up, the differential
loads on the dynamometer chart were consistently higher than the
differential (or specimen) loads recorded on the Instron chart. This
was somewhat paradoxical, but 1t was finally concluded that when a
specimen was picked up, the extra load on the pull rod served to
slow down the pull-rod speed, thus lowering the total tare load by an
amount equal to the difference between the specimen loads indicated
on the two charts. Representative examples of Instron and dynamometer
traces which illustrate this phenomenon are shown in Figure 4.5.

From this, it was decided that, for specimens requiring
relatively lower loads during testing, dynamometer readings were
more reliable and would be used in the data tabulation. In addi-
tion, it was decided that for low-load type specimens (Materials E,
F, G, and H) tested on pull rods with no dynamometers installed, the

specimen loads as indicated on the Instron chart should all be

92




NPC 17,442

93041 Jsejwownuig pub uosysuj jo sophwnxy saubjueseadey ¢y esunByy

SWTL 3JBYD

- pBOT PaEg I03

swowsulg —
kS

/
s

L~

BuipeoT
uswyoeds

T

DBOT ©8JB3 UOJISUT —,|

\ w,w
|| - 3urpRol

00T

(0]07

00t

005§

23



multiplied by a factor which was determined as the average specimen
load measured directly by a dynamometer divided by the corresponding
specimen load taken from the Instron chart. This factor was 1.5.

Material E specimens were tested 1n compression, and stress-
strain data were taken for deflections up to approximately 0.25 inch
(50% of original specimen thickness). The above factor (1.5) was
applied to specimens tested in the experimental assemblies on pull
rods with no dynamometer lnstalled.

As discussed under Section V , data were obtained from one
specimen only for several data points. The material was tested under
all nine conditions, however. The data are tabulated in Tables A-12
through A-17. Figure 4.6 is a photograph of representative speci-
ments which have been tested under the various conditions.

4,6 Material F: Styrofoam 22

Specimen shape and size, tests, and test characteristics for
this material were identical to those for Material E. The policies
used for Material E in tabulating loads from dynamometer and Instron
data were also followed for this material. The data are tabulated
in Tables A-18 through A-23. A photograph of representative tested
specimens is presented in Figure 4.7.

4,7 Material G: DuPont H-Film

This materlal was tested as a thin film and was pulled in
tension to obtain stress-strain characteristics, ultimate tensile
strength, and ultimate elongation. A U4-in. gage length was used.

Total length of the original specimens was 12 inches, with each end
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being glued and rolled up on a spool to the 4-in. gage=-length
spacing., Ambient-temperature tests were performed in the Instron
machine. Cryotemperature tests were performed by use of the thin-
film testers shown in Figure 2.5. Specimens were 1 inch wide and
2.5 mils thick.

Considerations involving load measurements (discussed in the
above sections) are also applicable to tests on the H-film,

The data taken in the experiment for this material are shown ’
in Tables A-24 through A-32. FPigure 4.8 is a photograph of repre-
sentative specimens, both tested and untested. No detectable
difference existed between specimens tested under the various
conditions.

4.8 Material H: DuPont Mylar-C

Specimens, tests, and test characteristics for this material
were identical to those for Material G, except that thickness of the
film tested was 1 mil., The data taken during tests are shown in
Tables A-33 through A-40. Since the appearance of the material before
and after testing was identical to that of Material G, no photographs
were made. Photography would have been difficult anyway, since the
material was perfectly clear both before and after irradiation. The
H-film was amber colored, and its appearance did not change during
irradiation.

4,9 Material I: Conolon 506

This material was milled into dumbbell-type specimens and

tested in tension for stress-strain characteristics, ultimate tensile
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strength, and ultimate elongation. The specimens contained doublers
made from the same material and glued into place.

As in the case of Material D, one group of ambient-temperature
specimens was tested with the use of an extensometer. Strain values
from both the extensometer extension and the crosshead movement were
recorded, and unit deflections for average loads from two or three
specimens were determined. With these data, a constant equal to the
ratio of unit extensometer deflection to unit crosshead deflection
was calculated and used to obtain the hypothetical extensions over a
2-in. gage length for specimens tested in the experimental assemblies
at cryotemperatures.

Authenticity of these calculated (or hypothetical) extensions
for specimens which have been irradiated and reduced in temperature
to levels approaching absolute zero is dependent upon the reliabllity

of the equation

where x extensometer deflection at room temperature for an

unirradiated specimen;

Yy = crosshead extension (or extension over the 5%-in.
portion of the specimen located between the top and
bottom doublers) for an unirradiated specimen at
room temperature;

xl = calculated (or hypothetical) extension of a 2-inch
gage length of the 1lrradiated, low-temperature
specimen; and

yl = the crosshead (or pull-rod) extension of the irradiated,

low-temperature specimen, as measured by the LVDT in the
experimental assembly.
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A theoretical discussion concerning the reliabllity of this
relationship will not be attempted at this point. The calculated
values, however, are included with the data taken for this material.
These data are tabulated in Tables A-41 through A-48, Representa-
tive specimens tested are shown in Figure 4.9.

4,10 Material J: Paraplex P-43

Specimen shapes and sizes, tests, and test characteristics for
this material were identical to those for Material I. The discussion
under Section 4.9 concerning extensometer measurements is also
applicable to Paraplex P-43 specimens. The tests for both materials
I and J were performed satisfactorily and according to plan, except
for the high-dose part of the LH, run. Data for Material J are
shown in Tables A-49 through A-56. Figure 4.10 is a photograph of
tested specimens.

4,11 Materials K and L: Coatings

Material K is a coating consisting of Skyspar A 423-SA9185,
untinted epoxy white, with SA9184 epoxy primer; Material L consists
of WHOBCl2 acrylic black lacquer, with PY4OGCL Kemacryl lacquer pre-
treatment primer. These coatings were prepared on 15/16-in.-diam
aluminum wafers. Four coatings of the white were applied and two
coatings of the black. Specimens were irradiated (1) at ambient
temperature in air, (2) while submerged in IN,, and (3) while
submerged in LHp. They were subsequently shipped, at room tempera-

ture, to General Dynamics/Astronautics, where optical measurements
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were made. With reference to these measurements, the following
definitions apply:

Normal monochromatic reflectance 1s the ratio of the reflected
radiant intensity from a body to that incident upon it at a
particular wavelength when the incident radiation is directed
normal to the surface.

Monochromatic absorptance 1s the ratio of the absorbed radiant
intensity by a body to that incident upon it at a particular
wavelength,

Monochromatic emittance is the ratio of the emitted radiant
intensity to that of a blackbody at the same temperature at a
particular wavelength.

Total normal reflectance is the ratio of the total (1.e.,
integrated over all wavelengths) reflected radiant intensity
to the total intensity incident upon it in a normal direction.

Total emittance is the ratio of the emitted radiant intensity
(integrated over all wavelengths) into a solid angle of 2w
steradians to that of a blackbody at the same temperature.

Total solar absorptivity is the ratio of the absorbed radiant
intensity by a body to that incident upon it from a blackbody
at 6000°K,

The apparatus used was a Cary Model 14 spectrometer with an
iIntegrating sphere attachment, plus a Perkin-Elmer Model 13 double-
beam photometer, which incorporates a hohlraum as a light source,.
The sample was placed inside the hohlraum, or the integrating sphere,
where it was isotropically irradiated. The intensity of the normal,
monochromatic component of the reflected radiation was compared to
the monochromatic intensity of a blackbody. The ratio of these two
intensities, which is equal to the monochromatic reflectance, was
displayed on a recording instrument as a function of wavelength.

The measurements were made over a wavelength region of from 0.30 to

33 microns.
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From the measured monochromatic reflectance, p;, the mono-
chromatic values of emittance, €)\, and absorptance, aj), were obtalined
as follows:

ex = ax T 1l-p

The total reflectance, p, solar absorptance, a, and total
emittance, €, at a given temperature were calculated by numerical

integration from the followlng relationships:

o0 o0

j’exb(T)eAdﬁ enp(T )asd
e =2 ; a =2 ; p=l-a
o0 oo
jemb('l‘) d fe}\b(T) aa
o (o]

where e)p = energy radiated per unit time per unilt area by a black-
body at temperature T and wavelength A, The numerical integration
was done with an IBM 650 computer.

The reflectance of the sample was measured at ane temperzture
(100°F) only. Assuming that the monochromatic emittance will show
only second-order variations with temperatures, the total emittance
was calculated for 100°, 300°, and 500°K,

Details of the equipment used in the experiment are shown in
Table 4,2, Data are tabulated in Tables A-57 through A-60. Figure
4,11, a photograph of representative specimens, shows the aluminum
framework used to mount them in the cryogen chamber during the cryo-
temperature irradiations. Reference 6 18 the complete report on the

thermal-control-coatings tests, as published by GD/Astronautics.
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V. DISCUSSION OF RESULTS

The number of specimens tested for each data point varies
from one to four, depending upon the number calculated to be suffi-
clent for satisfactory data precision. The original schedule on
these quantities had to be altered somewhat during actual tests
because of equipment limitations which developed during the equip-
ment design phase. For instance, the compression-button test
apparatus was designed in such a manner that only one compression
button could be tested on each pull rod. Thus, because of the
limited number of pull rods and the large number of specimens
required in the overall experiment, only one specimen per data point
was tested for certain materials,

Another factor which lowered the quantity of specimens per
data point was the rejection of occasional specimens because of
improper breaks or loosening of the doublers during break. The
actual number tested in each case 1s shown in the tabulated data.

Past work in radiation-effects testing has, for the most part,
related radiation damage in organic materials to the gamma doses
involved. Damage in all types of materials from incident neutrons
is, of course, of utmost importance, but because of the above
practice, the planned doses on each material in the experiment were
based upon gamma-radiation levels. Two doses for each material at
each temperature were scheduled. The doses chosen were such that

the resulting change in engineering properties would fall between a
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threshold value and a critical value. The threshold value is defined
as the radiation dose at which pertinent property changes just become
apparent, whereas the critical value is defined as that dose at which
a pertinent property changes by 40 to 60% of its initial value., The
doses were selected by GD/FW personnel on the basis of results from
prior radiation-effects tests.,

Gamma doses which were actually recorded in the cryogen chambers
of the experimental assemblies during both low-temperature runs
deviated to some extent from vglues previously recorded in air at the
same locations (see Figs. 3.9 and 3.12), For reasons that were given
in Section III of this report, the gamma doses which were previously
recorded in air will be regarded as being the actual doses at these
locations. These values, along with measured neutron fluxes, are

shown in Tables 5.1 and 5,2.

5.1 ‘MaterialyA: Hexcel 1252

" Test data for Material A are plotted in Figure 5.1.% Tensile-
shear strength (or force-to-break) in 1b/in.2 is plotted és a func-
tion of radliation dose for the thfee temperatures. As can be noted,
the strength of the unirradiated specimens was more than doubled at
reduced temperatures. Radiation, however, had an opposing effect.
It served to reduce the strength of specimens at cryotemperatures
and to increase significantly the strength of those at ambient
temperature. All three curves appear to be asymptotic in character
wilth increasing”dose.

No value of tensile-shear strength for the high-dose, LHy-

temperature condition was obtained, but the nature of the LN2 curve

*¥Figures 5.1 through 5.49 have been grouped at the end of this
section to avoid interrupting text continuity.
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suggests a possible leveling-off in strength reduction with succes-
- sively higher radiation doses. The net effect of the two environ-
mental components, both separately and in combination, was a definite
increase 1in the tenslle-shear strength of this adhesive.

One possible explanation for the opposing trend in strength
between the ambient- and low-temperature specimens with incident
radiation is proposed. The radiation-induced chain scission in the
molecular structure serves to lower the shear strength of the
adhesive, but the room-temperature annealing (or cross-linking)'
process in the ambient-temperature specimens ultimately results in
a molecular configuration with higher shear-strength characteristics.
In the low-temperature specimens, the chain scission occurs, but
reduced molecular motion significantiy inhibits the cross-linking
v process,

Visual analysis of the broken specimens revealed that about
75%. of the failures were adhesive rather than cohesive.

5.2 Material B: Metlbond 406

The tensile-shear strength of this material is plotted in

Figure 5.2 as a function of radiation dose for each of three
temperatures. Tensile~-shear strengths at low temperatures and no
radlation are considerably lower than the ambient-temperature value
for this material. This is contrary to Hexcel 1252. Another effect
that was contrary to the Hexcel 1252 behavior was the sharp drop in
tensile-shear strength at the higher dose at ambient temperature.

~ No explanation for this 1s proposed, except to report that failure

. on these specimens was 100% adhesive, with 100% of the adhesive

material remaining on one of the adherent strips.
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The tensile-shear characteristics of the low-temperature
specimens as a function of radlation dose were quite similar to
those of Material A, as was the method of failure, except for the
one condition discussed above.

5.3 Material C: Teflon TFE

Data taken in tests on this material are plotted in Figures
5.3 and 5.4, As discussed previously in this report, only ambient-
temperature irradiations were made, and tests were performed on the
ambient-temperature, no-irradiation condition only. Curves of
breaking factor vs radiation dose and percent elongation vs radia-
tion dose were both plotted, however, to show the zero values of
breaking factor and elongation at the ambient-temperature, low-dose
point. These zero values are representative of the crumbled speci-
mens shown in Figure 4,3,

This material is notoriously poor in radiation resistance with
alr as the environment during irradiation. If irradiation and sub-
sequent tenslle tests could have been performed with the material
submerged 1n cryogen, significantly different results could possibly
have been obtained.

5.4 Material D: Kel-F-81

Data for this material are plotted in Figures 5.5 through
5.13. Figure 5.5 is a plot of ultimate tensile strength vs radia-
tion dose at three temperatures. No data point is shown for the
amblent-temperature, high-dose condition. As mentioned previously,
the specimens for this condition broke in the process of removal

from the static-irradiation mounting trays. This missing data-point
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should actually exist, therefore, on the zero-strength line some-
where between the low~ and high-dose points.

The unirradiated specimens demonstrated a much higher tensile
strength at lower temperatures, but still suffered degradation in
strength after belng irradiated.

At LNp temperatures, the ultimate tensile strength dropped
only slightly with increased radiation, but at LH, temperatures the
strength dropped sharply after receiving the two doses shown.

Two possible explanations for these observations are pro-
posed. One is concerned with the competing reactions of scission
(weakening) and cross-linking (strengthening) which occur during
irradiation. If the rates of these reactions vary widely with
temperature, then the cumulative effect of the two could be suffi-
ciently different at different temperatures to cause varying values
in the measured property. The other explanation is concerned with
the possibility of hydrogen-fluoride formation in the Kel-F-81 when
submerged in LHo. The formation rate would be enhanced dufing
irradiation because of ionization of the hydrogen, and the resultant
hydrogen fluoride could react chemically with the Kel-F-81 to cause
sclssion in the chains and consequent lowering of the tensile
strength.

Figure 5.6 1is a plot of percent total elongation vs radiation
dose at three temperatures. These curves demonstrate the relatively
high ductility of this material at room temperature compared to that
at cryotemperatures. Again, the LNo and LHp environments imposed
during irradiation and subsequent tests have contrasting effects

on the measured property.
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Figures 5.8, 5.10, and 5.12 are stress-strain diagrams for
this material under zero-dose, low-~dose, and high~dose conditions.
They are all plotted to the breaking point for the specimens. Strain
values are based upon pull-rod extensions.

The calculated (or hypothetical) extensometer extensions are
plotted on stress-strain'diagrams shown in Figures 5.9, 5.11, and
5.13.

The shapes of these latter curves follow closely those of the
stress-strain diagrams.}or the measured (or pull-rod) strain. The
percent elongation for calculated extensometer elongation are plotted
as a function of radiation dose 1n Figure 5.7. The relative trends
for these curves also follow closely those shown in Figure 5.6.

5.5 Material E: Stafoam AA 402

Data for this thermal-insulation material are plotted in
Figures 5.14 through 5.17. Figure 5.14 is a plot of the force to
compress 25% vs radiation dose for three temperatures., These forces
are a function of (among other things) the bending strength of the
cell walls, so that it is logiéal that unirradiated specimens would,
at lower temperatures, requlre higher forces during compression.
After irradiation to a gamma dose of approximately 0.5x1010 ergs/gm(C),
however, opposing characteristics appear., The ambient-temperature
specimens require less force to compfess 25% and the low-temperature
specimens require more. Then, at higher doses, the required com-
pression forces for the 10w-teﬁperatﬁre specimens drop off’signi-
ficantly.

The factors which enter into the distribution of forces during

compression of rigid foams are quite numerous, and the added
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influence of radiation further complicates the picture, In view
of this, a detailed analysis of reasons for the trends of these
curves will not be attempted. Considerations of the plotted data
in regard to end uses of the materlal, however, will be made.

Each of Figures 5.15, 5.16, and 5.17 are stress-strain plots
for Material E over a deflection range of 0.25 inch (or 50% of
specimen thickness) for three temperatures. The different figures
are for zero-dose, low~dose, and high-dose conditions. The
relative positions of the three curves in each figure are similar,
It i1s obvious. that the forces involved are significantly lower at
the high dose, indicating an approximate threshold point for
compressive resistance of this material at a dose of about 5x109
ergs/gm(C).

5.6 Material F: Styrofoam 22

Data for this material are plotted in Figures 5.18 through
5.21. These plots for the forcé-to-compress vs radiation dose at
three temperatures and for stress-strain diagrams at three tempera-
tures and three doses are identical in plan to those for Material
E. The relative trends for curves on each plot are also similar
to those for Material E. 1In a&dition, the material shows a radia-
tion threshold for compressive strength. This varied from about
0.2x1010 to O.5x10lO ergs/gm(C) of gamma dose, depending upon the
specimen temperature (see Fig. 5.18). Other remarks in Section 5.5

pertaining to compression measurements are applicable to Material F.
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5.7 Materials G (DuPont H-Film) and H (DuPont Mylar-C)

Data for Materials G and H are plotted in Figures 5.22 through
5.25. PFigures 5.22 and 5.23 are plots of breaking factor vs radia-
tion dose at three temperatures for the two materials., As suggested
previously in this report, load data for these materials are
regarded as possessing only borderline reliability because of the
relatively high tare loads involved.

The plots of the data for the two materials are shown together
to demonstrate the apparent similarity between the trends of com-~
parable curves. The ultimate strength of both materials is signi-
ficantly higher at lower temperatures, as was anticipated. The
changes in breaking factor as a function of radiation at three
temperatures seemed to follow the same pattern for both materials;
that is, from zero dose up to a low-dose level, the strength of both
materials increased at ambient and LHy, temperatures and decreased
at LNpo temperature., At higher'doses the strength of both materials
at ambient and LH, temperatures decreased sharply, but those at the
LN, temperature began to increase in strength. The percent elonga-
tion for both materials, as shown in Figures 5.24 and 5.25, followed
the same trends at the three temperatures.

Observations on the characteristics of these materials are
rather general, but in view of the circumstances surrounding the
tests, as mentionéd previously, no alternative was considered
possible.

5.8 Material I: Conolon 506

Data from tests performed on Conolon 506 are plotted in
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Figures 5.26 through 5.34. Figure 5.26 is a plot of ultimate
tensile strength vs gamma radiation dose at three temperatures,

It 1s interesting to note that at amblent and LN, temperatures,
radiation doses up to 6x1010 ergs/em(C) resulted in no significant
change in this property of the material. At the LH, temperature,
however, after a dose of 1.3x101' ergs/gm(C), the ultimate tensile
strength was up by a factor of 1.5. The difference in temperature
between LNo and LHp 1s not regarded as the declding factor in these
contrasting tensile~-strength curves; rather, it is felt that
chemlical reactions between ionized hydrogen and components of the
adhesive served to strengthen the bond between the laminates.

Figures 5.27 and 5.28 are plots of percentage elongation vs
radlation dose at three temperatures. The values of percentage
elongation are based on pull-réd extension (or extension over the
5%-in. portion of the specimen between the inside edges of the
doublers) and upon a hypothetical (or calculated) extension of a
2-in, gage-length section in the narrowed portion of the specimen.
Considering standard deviations of the data in the tables, no
significant change, as a result of irradiation, is noted in this
property.

Figures 5.29 through 5.34 are stress-strain diagrams for
Conolon 506. In Figures 5.29 through 5.31, the strain is based on
pull-rod extensions, As can be noted, the curves for unirradiated
specimens at three temperatures all coinclde within the elastic
limit and deviate from each other only slightly beyond that point

to the point of fracture. The curve for specimens which were
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irradiated and subsequently tested at ambient temperature was
virtually a duplicate of the curve for unirradiated specimens, but
diagrams for specimens which were irradiated and tested at cryo-
temperatures show decidedly higher slopes in the proportional range.
This trend 1s contrary to all expectations, and a search of the
literature has failed to uncover any previous work of a comparable
nature on materials of this type and at these temperatures. No
explanation for these data will be proffered at the present time,
Figures 5.32 through 5.34 are stress-strain diagrams based on
the calculated extensions of a hypothetical 2-in. gage length in
the narrowed section of the specimen., As can be seen, the relative
trends of these curves are practically identical to those in
Figures 5.29 through 5.31.
5.9 Material J: Paraplex P-43

Data from tests performed on this material are plotted in
Figures 5.35 through 5.43. Figure 5.35 is a plot of ultimate
tensile strength vs radiation dose for three different temperatures.
As could be expected, the strength of unirradiated specimens is
greater at lower temperatures. However, as in the case for
Conolon 506, the effects of radiation at the different temperatures
had 1ittle effect on this property of the material.

Figures 5.36 and 5.37 are plots of percent elongation vs
radiation dose at three temperatures. Elongations in Figure 5.36
are based upon pull-rod extensions, and in Figure 5.37 on exten=-
sions of the hypothetical 2-in. gage length. The curves are

similar for the two plots and, considering standard deviations for

118




the data, the changes in elongation as a function of radiation are
insignificant.

Figures 5,38 through 5.43 are stress-strain diagrams for
this material. Figures 5.38 through 5.40 are based on pull-rod
extensions. The curves for unirradiated specimens (shown in
Figure 5.38) and for those which have been irradiated to a low
dose (shown in Figure 5.39) fall fairly close to the same line,
considering standard deviations. Under conditions of high dose
(Fig. 5.40), the curve for specimens at the LN, temperature is
displaced significantly from the ambient-temperature curve. Again,
this is comparable to unexplained data received from tests on
Material T,

Curves in Figures 5.41 through 5.43 are based on extensions
of the hypothetical 2-in. gage length and are comparable to curves
in Figures 5.38 through 5.40.

5.10 Materials K and L: Therﬁa1~Control Coatings

Data recelved from tests on these thermal-control coatings
are plotted in Figures 5.44 through 5.49. Figures 5.44 through
5.46 are for Material K. The radiation doses incident on the
specimens irradlated at cryotemperatures were considerably different
from those planned for the experiment and from those which were
recelved by the ambient—temperéture specimens, This resulted from
an error in placement of the specimens in the experimental
assemblies.,

It is interesting to note the deviations in a/e ratios as a

function of radiation dose for the ambient-temperature specimens
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szs compared to the absence of any change in this ratio (as a func-
tion of dose) for specimens which had been irradiated at cryo-
temperatures. The combined radiation and cryotemperature environ-
ment apparently serves to initially raise the value of the a/e
ratio, but increased radiation doses then have little further
effect. These conditions were consistent at the three temperatures.

The curves for a/e ratios as a function of radiation dose for
Material L are rather inconclusive. There was little consistency
between comparable curves at the three temperatures. These data
are plotted in Figures 5.47 through 5.49,

The accuracy of the Cary Model 14 spectrometer, which works
in the wavelength region of from 0.3 to 2 microns, is better than
2%, Since 95% of the solar energy is contained in this wavelength
region, the error in the solar absorptance will not exceed 2%.

The reproducibility of the Perkin-Elmer Model 13 spectrometer is
approximately 3% of the full-scale pen deflection. This implies

a relative error in the reflectance of 0.03 for the wavelength
region between 2 and 33 microns. Since the blackbody energy peaks
for 100°, 300°, and 500°K all fall within that wavelength interval,
the emittances shown in Tables A-57 and A-59 may devliate within
the limits of +0.015, The error in the ratio of solar absorptance

to emittance is given by

S
- €

where apa/a = 0,01, and Ae = 0,015.
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In addition to these lnstrument errors, differences in
surface roughness and contamination may result in a slight change
of optical properties among apparently equal paint samples.

The influence of the nuclear radlation on the optical
properties of the paints is most clearly observed on the mono-
chromatic reflectivity curves (Ref. 6) (Figs. A-1 through A-13).
There is no markedjchanged in the reflectivity of Material L speci-
mené over the measured wavelength region, because the reflectivity
is quite small in this region., Since the relative changes of
reflectance, absorptance, and emittance are equal (Ap = A1 = -A€),
the changes in the solar absorptance and total normal emittance are
also small. Tables A-57 and A-59 show that the changes in the
optical properties of acrylic black paint are less than the
instrumental errors shown above.

For Material K, the irradiation tends to lower the reflec-
tivity 1n the visible and near-infrared region of the spectrum.

The reflectivity of epoxy white paint is quite small for wave-~
lengths longer than 3.6 microns. Since the emission of radiative
energy from bodies at 1000, 3009, and 500°K occurs primarily at
wavelengths greater than 3.6 microns, an appreciable change in the
emissivity does not occur. However, the solar absorptance changes

considerably, as can be observed from the data in Tables A-57 and

A-59.
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VI. CONCLUSIONS AND RECOMMENDATIONS

Completion of this experiment marks the first known attempt
to measure engineering properties of nonmetallic materials under
the combination environment of nuclear radiation and cryotempera-
tures, i.e., to irradiate test specimens which are submerged in
cryogen fluids and then to perform tensile and compressive tests on
the irradiated speclmens before removal from the cryogen. Prac-
tically every phase of the experiment, from designing and construc-
ting test equipment to conducting the tests and analyzing the
resulting data, was unique from the standpoint of the absence of
any previously generated information in the field, The procedures
and methods that were observed during these phases of the experi-
mental program are documented in three quarterly progress reports
(Refs. 7, 8, and 9),

As a result of the first year's operation, several conclu-
sions can be drawn concerning the test techniques, test equipment,
dosimetry measurements, and test data. In addition, recommenda-
tions can be made for modifications in the techniques and equip-
ment as well as for future use or rejection of the test materials.

6.1 Test Techniques and Experimental Equipment

Because of the particular configurations of the irrediation
facility and the necessity for remote-control operation in the
experiment, all of the test methods and test equipment were unique
and, 1in some cases, radical in design. Even so, the most appli-
cable ASTM specification for each material was adhered to as

closely as possible during the tests.
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All of the test equlipment operated satisfactorily and according
to the original plan. An overall review of the tests, however,
reveals that improvements in operation would result with certaln
changes in the equipment and instrumentation. Modifications which
are recommended for incorporation into the experimental assemblies
include (1) installation of additional dynamometers to several
pull rods and (2) redesign of the support frameworks, shield
components, liquid-level probe, and some of the. specimen-mounting
apparatus. These changes are expected to provide better operation
of the assemblies and more reliable data from low-load specimens.
A rework of the hydraulic servo 3ystem is also recommended to
eliminate small leaks through valves and fittings and thus to
raise the pressures in the slave cylinders.

As was pointed out in Section IV, the glued area of the
adhesive material Hexcel 1252 was reduced to allow the specimens
to be broken at the lower slave-cylinder pressures attainable at
the relatively low crosshead speeds involved. It is now felt that
raising the crosshead speeds for these specimens, as was done in
the case of other high-strength materials, would have been a more
satisfactory solution to the problem. Raising the crosshead speed
actually results in a speed for the slave cylinder which more
closely approximates that called for in the test plan. There will
probably always be some small leaks in the hydraullic servc system

which will cause slower slave-cylinder speeds with higher loads
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for a given crosshead speed. Plotting calibration curves of slave-
cylinder speed vs load for a given servo system installation would
be 1mpractical, but occaslonal spot-checks of slave-cylinder speeds
with the LVDT instrumentation is both possible and advisable.

During the tests, deviations in pull-rod speeds from those
called out in the test plan were invariably on the low side. This,
according to some additional checks made with Material A adhesive
specimens, had only a slight effect on the data.

In the case of rigid cellular foams, such as the thermal
insulation Materials E and F, a 1.129-in.-diam by %;in.-thick
specimen was used in the experiment so that recorded data would be
compatible with that produced in the vacuum section of the experi-
ment. It is now felt that future tests on this type of material
would provide better data if specimen sizes conformed to those
called out in ASTM Designation D 1621-59T. This is because of the
relatively high tare loads that exist on the pull rods.

High tare loads are also a pfoblem when testing thin plastic
films. It would be desirable, in the case of both films and
cellular foams, to use a dynamometer in all pull rods that test
these materials.

6.2 Dosimetry Measurements

A review of the nuclear radiation measurements which were
made during the first year!'s operations leads to several conclu-
sions and recommendations. First, the data obtained are satis-

factory for predicting radlation-damage levels in the materials
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tested, although they may be lacking somewhat in desired accuracy
and completeness,

One reason for these short-comings 1s the fact that the test
equipment is radically different in design and, consequently,
techniques for making nuclear measurements within this equipment
are in the first experimental stages. In addition, previously
measured values of gamma doses around the reactor, which were made
in air, were insufficient for predicting ideal locations for place-
ment of foils throughout the metallic structure of the experimental
assemblies. Other contributing factors were the unexpectedly high
activation of the equipment, which hampered the manual retrieval
of foils; problems involving the lead shield, which resulted in
the loss of several folls; and lack of nuclear-measurement tech-
nology at cryotemperatures.

It 1s felt that unexpected factors are normal when new
approaches to nuclear testing techniques are belng explored, and
that the experience gained in this first year of operation will
result in improved data in successive tests.

Recommendations for improvement in the quality and quantity
of future data include the following: (1) tests should be conducted
to determine the response of several types of gamma and neutron
dosimeters at cryotemperatures; (2) methods for mounting measure-
ment devices should be improved to facilitate their manual removal
from a highly radiocactive experimental assembly; and (3) nuclear

measurement data received from the first irradiation tests using
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these expanded experimental assemblies should be analyzed from the
standpoint of establishing future radiation levels at various
points in the cryogen chambers.

6.3 Test Results and Recommendations for Materials

As outlined previously in the text, the procedure for the
cryotemperature tests was to position the test specimens in the
crydgen chamber of the experimental assemblies and locate the
assemblies next to the reactor face. The irradiation run was
carried out with the specimens submerged in cryogen fluid. Opera-
tion of the reactor was terminated after the required radiation
dose was achieved, and the specimens were then pulled in tension
and compression without lntervening warmup. Nine data points were
recorded during each test on each material. These included those
from all combinations of three radiation doses (zero, low, and
high) and three temperatures (ambient, -3200F, and -4230F).
Ambient-temperature irradiations were conducted in an air environ-
ment with specimen temperatures ranging from 110°F to 143°F. Sub-
sequent tensile and compression tests were carried out with an
Instron test machine in the Irradiated Materials Laboratory of
GD/FW.

A resume of the results of the tests on each material, along
with recommendations for its use, 1s given below.

Adhesives
Hexcel 1252, This material demonstrated increased tensile-

shear strength after irradiation at room temperature. At
cryotemperatures, the strength before irradiation was
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considerably higher than the room-temperature value. Radla-
tion then served to reduce this strength somewhat, but the
value still remained higher than the room-temperature/no-
irradiation level. The material is therefore highly
recommended for use in this combination environment, up to
the tested dose level of 5x1010 ergs/gm(C) of gamma radia-
tion.

Metlbond 406. This adhesive suffered severe degradation in

tensile-shear strength at all temperatures after irradiation
to a dose level of about 3x1010 ergs/gm(C). It is not
recommended for use under these environmental conditions.

Teflon TFE, This material was tested at amblent temperature

in air only. After a relatively low dose of radiation under
these conditions the test specimens crumbled to powder.
Further testing is needed before recommendations can be made.

Kel-F-81. This fluorocarbon plastic was tested under all

conditions., Its properties were excellent under no-irradia-

tion conditions, but relatively small doses of gamma and
neutron radiation were sufficient to cause significant
degradation in tensile strength and severe embrittlement.
It is not recommended for use in a radiation environment at
any temperature.

Thermal Insulations

Stafoam AALO2 and Styrofoam 22. Results of tests were similar

for both of these materials. Their compressive strength at
cryotemperatures increased with incident radiation up to a
gamma dose of about 5x109 ergs/gm(C). Beyond this dose
level, the strength dropped off severely. Irradiation at
ambient temperature ( ~ 1209F ) served to reduce the compres-
sive strength significantly. Both materials are recommended
for use under relatively low radiation environments at
cryotemperatures.

Electrical Insulations

DuPont H-Film and Mylar-C. These materials were tested in

tension 1n thin-film form. Contrasting values in tensile
strength for different radiation doses and different tempera-
tures were noted. Further testing is needed, and specific
recommendations are not considered possible at this time.
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Structural Laminates

Conolon 506 and Paraplex P-43. Tensile properties of these
two laminates were measured and found to be similar. The
ultimate tensile strength of both materials was higher at
cryotemperatures than at room temperature, as could be
expected, and remained high after doses of 5 to 10
ergs/gm(C). Both materials are recommended for use under

a radiation-cryotemperature environment to the above=~
mentioned dose level.

Thermal-Control Coatings

Skyspar A-423-3A9185 and Sherwin Williams W-49-BCl2, After
irradiation at room temperature, the subsequently measured
optical properties of these two coatings showed variations
as a function of radiation dose. After irradiation at
cryotemperatures, the properties remained fairly constant
as a function of radiation dose. No recommendations are
attempted with the data available from these tests, but the
data shown 1in the text are suitable for possible correla-
tion with results from other related tests.

The test results are given in this report as plotted and
tabluated data (Section V and Appendix A). Thus, further analyses
can be made when more detailed information is required concerning
specific properties of the various test materials.

Overall, the tests conducted in the combinéd environment of
nuclear radiation and cryotemperature were successful, particularly
in view of the radically different'testing techniques that were
used, Refinement of these techniques will be accomplished with
future use of the experimental assemblies.

Since the information learned from tests of this nature is
required 1n the development of nuclear-powered spacecraft, and since
the potential for future tests that utilize the assemblies in con-
Junction with the GTR-at NARF is regarded as being almost unlimited,
it is recommended that the testing of englneering materials in

radiation fields at cryotemperatures be continued.
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- APPENDIX A

TABULATED TEST DATA ON ALL MATERIALS AND
- PLOTS OF MONOCHROMATIC REFLECTIVITY AND ABSORPTIVITY OF
. THERMAL-CONTROL COATINGS
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